In this research an attempt has been made to develop mathematical models for predicting mechanical properties including ultimate tensile strength, impact toughness, and hardness of the friction stir welded AA 6061-T6 joints at 95% confidence level. Response surface methodology with central composite design having four parameters and five levels has been used. The four parameters considered were tool pin profile, rotational speed, welding speed and tool tilt angle. Three confirmation tests were performed to validate the empirical relations. In addition, the influence of the process parameters on ultimate tensile strength, impact toughness, and hardness were investigated. The results indicated that tool pin profile is the most significant parameter in terms of mechanical properties; tool with simple cylindrical pin profile produced weld with high ultimate tensile strength, impact toughness, and hardness. In addition to tool pin profile, rotational speed was more significant compared to welding speed for ultimate tensile strength and impact toughness; whereas, welding speed showed dominancy over rotational speed in case of hardness. Optimum conditions of process parameters have been found at which tensile strength of 92%, impact toughness of 87%, and hardness of 95% was achieved in comparison to the base metal. This research will contribute to expand the scientific foundation of friction stir welding of Aluminum alloys with emphasis on AA 6061-T6. The results will aid the practitioners to develop a clear understanding of the influence of process parameters on mechanical properties, and will allow the selection of best combinations of parameters to achieve desired mechanical properties.
1 influence of tool pin profile on FS welded AA2219. The results indicated that tapered threaded tool with flutes pin profile produced weld with good mechanical properties. The effect of tool pin profile on FS welded AA6061 was investigated by Elangovan et al. [26] and reported that tool with square pin profile produced weld with high strength.
Palanivel et al. [27] also reported that high tensile strength can be achieved by square tool pin profile while joining two dissimilar AA5083-H111 and AA6351-T6 aluminum alloys by FSW. Salari et al. [28] investigated the effect of tool pin profile on the mechanical properties of FS welded AA5456. The results indicated that tool pin with stepped conical threaded profile produced weld with superior mechanical properties. Ilangovan et al. [29] joined two aluminum alloys AA6061 and AA5086 and examined the effect of tool pin profile on the weld. It was discovered that threaded cylindrical pin produced a sound and defect free weld. Mohanty et al. [30] reported that straight cylindrical pin profile produced good quality weld on FSW of aluminum alloys.
The welding and rotational speeds also affect the properties of the weld. Movahedi et al. [32] identified that defects at the weld nugget can be reduced by decreasing welding speed; contemporarily, weld strength can be increased by decreasing welding speed. Kasman [33] reported that mechanical properties were more sensitive to welding speed than rotational speed in welding of dissimilar Aluminum alloys AA6082-T6 and AA5754-H111. Similarly, Aydin et al. [34] examined that welding speed has the most significant effect on tensile strength of FS welded of AA1050.
Jayaraman et al. [35] on the other hand, concluded that rotational speed has the most significant effect on tensile strength of FS welded A319. Ahmadi et al. [38] investigated the effect of rotational speed, welding speed, and tilt angle and reported that tilt angle has the least significant effect on mechanical properties.
Aluminum Alloy 6061-T6 has high strength to weight ratio and good corrosion resistance. Because of its wide application in the field of manufacturing, it is extensively investigated by researchers. Liu et al. [39] investigated the tensile strength of FS welded AA 6061-T6 and reported that tensile strength increases with the increase in welding speed. Li et al. [40] joined two AA 6061-T6 plates by tool with stationary shoulder and concluded that mechanical properties depends on welding speed. Rajakumar et al. [41] developed regression models to predict tensile behavior, hardness and corrosion rate of FS welded AA 6061-T6 using response surface methodology. Fujii et al. [42] discovered that mechanical properties were not dependent on tool pin profile for AA6061-T6.
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Various statistical and mathematical tools including regression, Taguchi method, response surface methodology (RSM), simulated annealing and artificial neural network have been used by researchers to model and optimize the friction stir welding process parameters of aluminum alloys [33] [34] [35] [43] [44] [45] [46] [47] . However, RSM with central composite design has the superior capability to predict and optimize responses due to more number of levels [48] . Elangovan et al. [49] applied RSM to estimate tensile strength of FS welded AA6061 aluminum alloy. Heidarzadeh et al. [50] used RSM to predict the tensile strength of FS welded AA 6061-T4. Lotfi and Nourouzi [51] employed RSM to model tensile behavior and microhardness of the FS welded AA7075-T6. Ilkhichi et al. [52] developed a mathematical model to predict grain size and hardness of FS welded AA 7020 using RSM.
From the literature review, it can be concluded that the researchers have proposed different pin profiles for different materials to produce good quality weld. Some researchers proposed square pin profile while other proposed cylindrical pin profile. Likewise, some researchers reported welding speed as most significant parameter; whereas, other identified rotational speed as an important contributing factor. Similarly, tool tilt angle has been used by previous researchers but it was referred as insignificant parameter. However, the exact behavior of these process parameters on mechanical properties of AA 6061-T6 still need to be investigated. This research presents a systematic approach to quantify the influence of process parameters on mechanical properties. Therefore, the aim of this research is to develop an empirical relationship using RSM to predict the ultimate tensile strength (UTS), impact toughness, and hardness of FS welded AA 6061-T6 and to optimize the process parameters to maximize these mechanical properties.
Furthermore, the influence of tool pin profile, rotational speed, welding speed, and tool tilt angle on UTS, impact toughness, and hardness of FS welded AA 6061-T6 has also been investigated.
Experimental procedure
This section describes the details regarding the experimental setup, welding conditions, and methodology adopted for the study. Two plates of AA6061-T6 each with dimensions of 120 mm x 100 mm x 5 mm were joined by FSW in this research. The chemical composition and mechanical properties of AA6061-T6 are presented in Table 1 . The ultimate tensile strength, impact toughness, and hardness of AA6061-T6 are 312 MPa, 17 J, and 108 HV, respectively. The tools were manufactured from molybdenum based high speed steel due to its good wear resistant property. The chemical composition of the tool material is given in Table 2 The mechanical properties of the welded joints were evaluated by ultimate tensile strength (UTS), impact toughness, and hardness. The samples for UTS, impact toughness, and hardness were prepared perpendicular to the direction of weld as shown in Figure 4 . The UTS of the welded plates was evaluated according to ASTM E8M-04. Three samples from each welded plate were tested and average was calculated to minimize error. The UTS samples were extracted to the required dimensions as shown in Figure 5 . The prepared samples were tested on universal testing machine with a capacity of 500 kN. The cross head speed was 1 mm/min during testing. For evaluation of impact toughness of the joints, ASTM E23-04 guidelines were followed. Charpy impact samples were prepared according to the dimensions shown in Figure 6 . The impact test was conducted on pendulum type machine (Make: Zwick and Model: HIT50P)
with maximum capacity of 50 J. The hardness test was performed on Vickers hardness test machine (Make: Shimadzu and Model: HMV-2T) with 0.05 kg load for 15 seconds. The hardness was measured at the top surface of the weld. Three readings were taken in total out of which two were taken near the top and bottom edge; whereas, the third one at the middle of the hardness sample. The hardness value was obtained by averaging the three readings. The results are presented in Table 4 Sample for impact toughness
Experimental design
Trial runs were performed before the experimentation to identify the FSW parameters that effects the mechanical properties of friction stir welded AA6061-T6. Based on these runs, the important FSW parameters that are used in the current research are tool pin profile, rotational speed, welding speed, and tool tilt angle. RSM with central composite rotatable design was used in this investigation. Central composite rotatable design requires five levels for each parameter. The upper and lower limits of the parameters were chosen in such a way that the resulting weld is free from defects. The upper limit of the parameters was coded as +2 and the lower limit was coded as -2. The other coded values were calculated using the following equation.
where Xi in the above equation is the resulting coded value of a variable X; X is any value of the variable from Xmin to Xmax; Xmin is the lower and Xmax is the upper limit of the variable. The parameters with levels are shown in Table   3 . Where n is the number of selected factors and nc is the number of experiments on center points. The value of nc varies from 4 to 6. In this research, the numbers of selected factors (n) were 4 and number of experiments on center points (nc) were 6. 
bij= 0.0625Σ(XiY)
For four factors, the second order polynomial could be expressed as:
UTS (or The coefficients of the regression model for UTS, impact toughness, and hardness were calculated at confidence level of 95% using Design-Expert software (version 9.0). The summary of model statistics indicated that quadratic is best suggested; therefore, it has been used for predicting the responses. The final regression models for UTS, impact toughness, and hardness are given in equation 9, 10 and 11 respectively. 
Adequacy of the models
Adequacy measures the fitness of the proposed model to predict the output response. The adequacy of the developed models was evaluated using Analysis of Variance (ANOVA). The ANOVA results for UTS, impact toughness, and hardness are given in Table 5 Adequate precision measures the signal to noise ratio and its value more than 4 is desirable. For UTS, impact toughness, and hardness the value of adequate presicion are 10.59, 14.67, and 9.72, repectively, which indicates an adequate signal. In addition to ANOVA, normal plot of residuals and graph of actual vs. predicted values have also been drawn. The normal plot of residuals is used to verify normality assumptions; whereas, the graph of predicted vs.
actual values demonstrates the prediction capability of developed model [53] . The normal plot of residuals of the UTS, impact toughness, and hardness are shown in Figure 7 
3D response surface plots for ultimate tensile strength
The response surfaces shown in Figure 9 depict the effect of parameters on ultimate tensile strength. The Figure shows the relationship between two parameters at the center value of the other two parameters. Figure 9 (a) shows the effect of tool pin profile and rotational speed. It is clear from the plot that simple cylindrical pin profile produces maximum ultimate tensile strength; whereas, it is minimum for simple tapered pin profile. Figure 9 (b) describes the effect of tool pin profile and welding speed. The graph indicates that simple cylindrical tool gives the maximum ultimate tensile strength; however, ultimate tensile strength decreases with the increase in welding speed. Figure 9 (c) presents the effect of tool pin profile and tool tilt angle. It can be seen that the ultimate tensile strength is maximum for simple cylindrical tool pin profile; whereas, the effect of tilt angle is nearly constant. The effect of rotational speed and welding speed on ultimate tensile strength has been provided in Figure 9 (d). The ultimate tensile strength is maximum at the lower values of rotational speed and welding speed. As the rotational speed and welding speed increases the ultimate tensile strength decreases. Figure 9 (e) depicts the effect of rotational speed and tool tilt angle. It is clear that ultimate tensile strength increases with the increase in rotational speed and tilt angle up to maximum value and then decreases with the increase of these two parameters. The effect of welding speed and tool tilt angle on ultimate tensile strength has been presented in Figure 9 (f). It can be seen that with the increase in welding speed, ultimate tensile strength decreases; whereas, with the increase in tilt angle the ultimate tensile strength increases up to maximum value and then decreases with increase in tilt angle. impact toughness is nearly constant while simple cylindrical tool gives the maximum impact toughness. The effect of tool pin profile and tool tilt angle has been described in Figure 10 (c). It is evident that the impact toughness is maximum for simple cylindrical tool pin profile, whereas tilt angle has no effect on impact toughness. Figure 10 
Optimum FSW parameters values
The optimum friction stir welding parameters to achieve maximum tensile strength, impact toughness and hardness are shown in Table 8 . It is evident from the Table that the highest ultimate tensile strength is achieved at rotational speed of 1150 rpm, welding speed of 70 mm/min, tool tilt angle of 3 o and with simple cylindrical pin profile.
Interestingly the highest, impact toughness, and hardness values were achieved at the same FSW parameters. These results are in close agreement with the previous work of İpekoğlu et.al. [21] who identified that the hardness is directly affects tensile strength. 
Comfirmation test
Three confirmation tests were carried out in order to validate the regression models. The values on which the confirmation tests were performed were within the designed space. However, the confirmation tests were performed on values different from central composit design matrix. The experimental and predicted values of the confirmation tests are presented in Table 9 . The error between experimental and predicted values is within 95% confindence interval which varifies that the model is adequate and both the predicted and expermental values are in good agreement with each other. Therefore, it can be concluded that the developed models are applicable for all values within the designed space. 
Conclusions
Aluminum alloy 6061-T6 has been joined by FSW. The mechanical properties including ultimate tensile strength, hardness, and impact toughness were investigated using RSM with central composite design. Empirical relations were developed to predict the mechanical properties of the weld. Three confirmation tests were also performed which confirmed that the empirical relations are accurate within 95% confidence level. The following conclusion can be drawn from this investigation:
1) RSM with central composite design was successfuly used to develop a mathematical model for predicting mechanical properties including ultimate tensile strength, impact toughness, and hardness of FS welded AA 6061-T6 joints.
2) The optimum conditions of process parameters, tool pin profile, rotational speed, welding speed, and tool tilt angle, by using developed mathematical model helped to achieve 92% ultimate tensile strength, 87% impact toughness, and 95% hardness of the parent material.
3) The tool pin profile has a significant influence on the mechanical properties of the FS Weld joints. It was observed that simple cylindrical tool pin profile produced joints with miximum mechanical properties.
4) The rotational speed has been identified as more significant parameter than welding speed for ultimate tensile strength and impact toughness, whereas; for hardness welding speed has been identified as more significant parameter than rotational speed.
5) The ultimate tensile strength of the friction stir weld decreases with the increase in rotational speed and welding speed. Impact toughness and hardness, on the other hand, increased up to maximum with the increase in rotational speed and welding speed and then decreases.
6) At rotational speed of 1150 rpm, welding speed of 70 mm/min, tool tilt angle of 3 o and with simple cylindrical pin profile, the highest ultimate tensile strength, impact toughness, and hardness were achieved.
The research findings and developed mathematical models can be successfully used by the practitioners to predict the mechanical strength of AA6061-T6 before welding.
